A subregional slicing method ͑SSM͒ is proposed to increase the nanofabrication efficiency of a nanostereolithography ͑NSL͒ process based on two-photon polymerization ͑TPP͒. The NSL process can be used to fabricate three-dimensional ͑3D͒ microstructures via the accumulation of layers of uniform thickness; hence, the precision of the final 3D microstructure depends on the layer thickness. The use of a uniform layer thickness means that, to fabricate a precise microstructure, a large number of thin slices is inevitably required, leading to long processing times. In the SSM proposed here, however, the 3D microstructure is divided into several subregions on the basis of the geometric slope, and then each of these subregions is uniformly sliced with a layer thickness determined by the geometric slope characteristics of each subregion. Subregions with gentle slopes are sliced with thin layer thicknesses, whereas subregions with steep slopes are sliced with thick layer thicknesses. Here, we describe the procedure of the SSM based on TPP, and discuss the fabrication efficiency of the method through the fabrication of a 3D microstructure.
Numerous nanofabrication processes have been investigated, [1] [2] [3] [4] [5] most of which are capable of fabricating two-dimensional ͑2D͒ nanopatterns and simple threedimensional ͑3D͒ microstructures; however, the resolution of features fabricated using photolithographic methods is limited by optical diffraction. Additionally, most of the processes developed to date do not allow the fabrication of arbitrary 3D microstructures. Currently, the only nanofabrication process capable of 3D microfabrication is two-photon polymerization ͑TPP͒, which has been successfully used to produce 3D structures in diverse applications such as photonic crystals, 6 optical memories, 7 and micromechanical devices. 8 Two-photon absorption ͑TPA͒ itself has been also of considerable interest in the study of novel nonlinear-optical phenomena for a long time. 9 The basis of TPP is the conversion of a liquid-state resin to a solid phase by photopolymerization, where the polymerization is initiated by exposure of focused high-intensity light into the volume of resins. The quadratic dependence of polymerization rate on light intensity enables control of polymerization with 3D spatial resolution at a resolution better than the diffraction limit of the beam, which may be difficult to attain using conventional single photon lithography processes. In fact, a lateral spatial resolution of close to 100 nm has been reported. 10 Recent work in this area has explored the use of TPP to fabricate 3D microstructures utilizing various materials with properties tailored to specific applications, such as biocompatible materials, 11 polymers doped with nanoparticles for increasing the index of refraction in photonic crystals, 12 and a poly-dimethylsiloxane-based resin for the fabrication of microfluidic devices. 13 In our work, a titanium sapphire laser operated in modelocked at 80 MHz and 780 nm wavelength with pulses of duration less than 100 fs was utilized as the light source. A set of two-galvano mirror was used to move the focused laser beam delicately in the horizontal plane, and a piezoelectric stage was used for the vertical alignment of the beam. The laser was closely focused into the volume of the resin which is dropped on a thin glass plate using a high numerical aperture ͑1.4, immersion oil used͒ objective lens. A highmagnification charge-coupled-device camera was used for the optical adjustment of the focused beam and monitoring the fabrication process.
The TPA resin used in this work was a mixture of a commercial urethane acrylate resin ͑SCR500, JSR͒ and an additional photosensitizer ͑TP-Flu-TP2, 0.1 wt %͒ that was synthesized from 2,7-dibromo-9,9-diethylhexyl-9H-fluorene and diphenyl͑4-vinylphenyl͒ amine.
14 It has a large light absorbance and transfers the excited fluorescent light to the initiator for polymerization. Its TPA cross section was found to be 954 GM ͑1 GM=1ϫ 10 −50 cm 4 s / photon͒ at a wavelength of 940 nm. The absorption and fluorescence wavelengths of the photosensitizer were 411 and 472 nm, respectively. [15] [16] [17] In many previous works, complex 3D microstructures have been fabricated by the sequential accumulation of polymerized 2D layers of the same thickness. 8, 10, 11, 17 Therefore, the precision of the resulting 3D microstructures depends on the layer thickness. For precise 3D microfabrication, a small layer thickness is essential, but necessitates large quantities of data and very long processing times. In the uniform slicing method ͑USM͒, the appropriate slicing thickness is dea͒ termined by considering the minimum geometric slope and the complexity of the 3D microstructure. If the 3D microstructure has gentle local slopes, the slicing thickness, determined by the minimum local slope, will be very thin. Moreover, a 3D microstructure in which regions with steep slopes predominate, but which contains some regions with gentle local slopes, will have to be sliced throughout with thin slices suitable for the gentle slope region; therefore, the USM is not an effective method for fabricating 3D microstructures.
If a microstructure with gentle slopes is sliced using thick uniform layers to reduce the total number of layers, the surface in the gentle slope regions may be scabrous; moreover, in some cases this approach will lead to failure of the fabrication of the microstructure due to the separation of layers in the gentle slope regions. The schematic diagrams in Figs. 1͑a͒ and 1͑b͒ outline the criterion for failure due to the separation of layers that occurs when the slicing thickness ͑t s ͒ exceeds a certain critical value ͑t c ͒; in this case, a horizontal distance between the upper and lower contours ͑d i ͒ is larger than a critical horizontal distance ͑d c ͒. The critical thickness t c is a function of the slope of the outline ͑ s ͒ and the geometric section of the contour layers, which is determined by the fabrication conditions, such as the laser power and exposure time; 10, 11, 17 t c is achieved using the critical slope ͑ c ͒ that is determined by the d c , as illustrated in the inset of Fig. 1͑b͒ . Also, for a given slicing thickness in the USM, the critical slope, c , in the designed microstructure can also be obtained using the same way.
Here, we describe our results on increasing the fabrication efficiency by using a subregional slicing method ͑SSM͒ in the TPP process. In the SSM procedure, the computer aided device ͑CAD͒ program Nano-Slicer 17 is used to divide a 3D microstructure into several subregions on the basis of its geometric shape or critical slopes, and then a suitable slicing thickness is applied to each subregion of the microstructure. Compared with the USM method, the SSM approach enables the fabrication of microstructures using fewer layers but with greater precision.
To obtain critical slopes according to several layer thicknesses, we attempted to fabricate hemispheres of diameter 15 m using a slicing thickness of 30, 50, 100, 150, or 200 nm. The slope of the outline of the hemisphere ranges from 0 to 90 deg. The procedure for generating the data for each hemisphere was as follows: ͑1͒ the designed hemisphere was transformed to the stereolithography ͑STL͒ format, 18 which has been utilized widely in the rapid prototyping process; ͑2͒ the hemisphere was sliced utilizing the intersection points between slicing planes and triangular patches of the STL format, as shown in Fig. 2͑a͒ ; and ͑3͒ the data for the 2D scanning paths of the laser beam were constructed using the sliced contour data. Figures 2͑c͒ and 2͑d͒ show scanning electron microscopy ͑SEM͒ images of hemispheres fabricated under conditions of laser power, 60 mW and exposure time, 1 ms. The contour linewidth and height generated under these experimental conditions are known to be approximately 180 and 580 nm, respectively, from preliminary tests. 17 A critical length ͑L c ͒ was measured using the top-view SEM images ͓Fig. 2͑c͔͒ to geometrically calculate the critical slopes for each slicing thickness. We included a failure zone and a scabrous surface into the calculation of the critical length, L c , as defined in Figs. 2͑b͒ and 2͑c͒ . The experiments showed that a near-perfect hemisphere was fabricated using a slicing thickness of 30 nm, and the critical slopes obtained for the various slicing thicknesses were 9.75°a t 30 nm, 20.52°at 50 nm, 27.18°at 100 nm, 34.67°at 150 nm, and 49.20°at 200 nm. In this work, the failureproof range of slopes ͑for laser power 60 mW and exposure time 1 ms͒ was divided into six regions within an acute angle using the critical slopes as follows: region 1 ͑0°-9.75°͒, region 2 ͑9.76°-20.52°͒, region 3 ͑20.53°-27.18°͒, region 4 ͑27.19°-34.67°͒, region 5 ͑34.68°-49.20°͒, and region 6 ͑49.21°-90°͒, and their corresponding slicing thicknesses were less than 30, 30, 50, 100, 150, and 200 nm, respectively. The fabrication efficiency of the proposed SSM was experimentally examined by means of the fabrication of a mi- crojar. Figure 3͑a͒ shows the microjar, which was designed using a CAD tool. The slope of a 3D microstructure along the outline, s , can be obtained using the following simple vector equation:
where i are the angles between the normal vectors of the outlines, Ñ i ͑ñ x ñ y ñ z ͒, and the projected vectors of normal vectors onto the slicing planes, P i , as depicted in Fig. 3͑a͒ .
The slopes of the microjar outline ranged from 29.5°to 90°; therefore, from the results of the preliminary tests shown in Fig. 3͑b͒ , the microjar could be fabricated without any defects using a slicing thickness of 100 nm under a laser power of 60 mW and exposure time of 1 ms. Figure 3͑c͒ shows the slice configurations of the microjar for the USM and SSM. For the USM, there were 112 layers of thickness 100 nm for the perfect fabrication or 56 layers of thickness 200 nm for the fabrication without failure zone, respectively. For the SSM, by contrast, there were 63 layers divided into six subregions with slicing thicknesses of 100, 150, and 200 nm respectively. Figure 3͑d͒ shows SEM images of the microjar fabricated by the USM with 56 layers of thickness 100 nm ͑upper images͒ and the microjar fabricated using SSM ͑lower images͒. The microjar fabricated using the USM has a rough surface in the gentle ascent region, whereas the microjar fabricated using the SSM has a smoother surface even though it was fabricated in a similar time. The microjar fabricated using the USM with 112 layers of uniform slicing thickness 100 nm had a similar precision to that of the microjar fabricated using the SSM; however, the fabrication time was taken about twice that required using the SSM due to the large slice data.
In conclusion, we have shown that the precision of 3D microstructures fabricated using the TPP process, as well as the fabrication efficiency, are very sensitive to the slicing thickness. To fabricate a precise microstructure, the uniform slicing layer thickness must be determined on the basis of the gentlest local slope of the microstructure. This requirement means that many slices are required in the USM. If, however, different slicing thicknesses are applied in different subregions of the microstructure by utilizing the SSM, the fabrication efficiency is improved and the processing time is substantially reduced. The present findings underline the benefits of using the SSM in the fabrication of complex 3D microstructures using the TPP. ͑c͒ Three types of sliced data: 56 layers of uniform thickness 200 nm sliced using the uniform slicing method ͑USM͒, 112 layers of uniform thickness 100 nm sliced using the USM; and 63 layers sliced using the SSM. ͑d͒ SEM images of microjars fabricated using the USM with 56 layers, and the SSM with 63 layers ͑inset images: top view of each microjar, scale bar is 5 m͒.
